Abstract. After a decade of design, construction, improvement, data-taking, simulation, and analysis, the TRIUMF Weak Interaction Symmetry Test (TWIST) muon decay parameter measurements are nearly complete. While the final results are yet to be unblinded, a preliminary estimate of the final precision is available. The goal of an order-of-magnitude improvement on pre-TWIST precisions for the ρ, δ , and P µ ξ decay parameters has essentially been achieved, making possible some tighter constraints on parameters of the left-right symmetric extension to the standard model as well as the fundamental coupling constants of the muon.
INTRODUCTION
The decay of polarized muons (µ → eνν), where neither the electron polarization nor the accompanying neutrinos are observed, can be described by the differential rate as [1, 2, 3] pends on δ and ξ . The TRIUMF Weak Interaction Symmetry Test (TWIST) has been constructed to determine the Michel parameter ρ as well as the parameters δ and P µ ξ with a precision approximately one order of magnitude higher than previous experiments, as a test of the standard model (SM).
Prior to 1990, the three decay parameters were known with uncertainties in the range of 7-16 parts per thousand. TWIST has reduced the uncertainties in the past few years ( Fig. 1) , to obtain [4, 5] 
The decay parameters measured by TWIST contribute to a larger set derived from other observables, including one longitudinal and two transverse components of decay electron polarization and the cross section for inverse muon decay. An analysis can be made in terms of a generalized matrix element containing scalar, vector, and tensor interactions for muons and electrons of left and right chirality [6] . For a concise review, see [7] . A global analysis [4, 8] reveals consistency with the standard model, where the vector coupling for muons and electrons of left-handed chirality is the only non-zero term. The results from TWIST impact the upper limits of other terms, especially those for left-handed electrons and right-handed muons. The probability for righthanded muon couplings in muon decay has so far been reduced by a factor of two to less than 2.4×10 −3 (90% confidence) by TWIST.
In 
EXPERIMENTAL DETAILS
The TWIST spectrometer is shown in Fig. 2 . Highly polarized positive muons are selected from decays of stationary pions at the surface of a graphite production target. They are guided into the superconducting solenoidal field along its symmetry axis to enter a high precision, low mass stack of proportional and drift chambers [9] . The muons are ranged to stop predominantly in a metal foil at the center of the symmetric stack. Tracks from decay positrons in the uniform, precisely known 2 tesla field are defined by the low-mass drift chambers in a helium gas environment. Analysis yields two-dimensional distributions of positron angle and momentum (or energy) whose shape depends on the decay parameters.
With a muon rate of order 2-5×10 3 s −1 , data sets of 10 9 events can be obtained in a few days. Approximately 3% of events pass event and track selection criteria as well as fiducial cuts on energy and angle. Much care is taken to test for and avoid the introduction of any bias. The fiducial cuts are symmetric for upstream and downstream decays, and are selected to maximize sensitivity to the decay parameters while reducing systematic uncertainties.
To determine the incoming muon beam characteristics (size, position, divergence, and correlations), another detector can be inserted to measure the beam before it enters the solenoid. This detector is a pair of time expansion chambers (TECs) recording the position and angle of each incident muon [10] . Since it causes multiple scattering and hence muon depolarization, it is typically removed for decay measurements, but the beam characteristics form an essential input to the simulation and analysis of decay data.
Decay positron reconstruction accounts for average energy loss, which depends on the helical track angle and thus the material traversed by the positron. It also allows for kinks in the track due to scattering at the drift chamber plane positions.
ANALYSIS PROCEDURES
The important principle of TWIST analysis is the comparison of energy-angle two-dimensional distributions of data to similar ones derived from a GEANT3 simulation. Both are subjected to essentially the same analysis, allowing bias and inefficiencies to be included in an equivalent way to reduce the dependence of the result on the specific procedure. This places great importance on the accuracy and detail of the simulation, requiring tests and verifications of several physical processes that determine, for example, muon stopping distribution, chamber response, time calibration, energy calibration, energy loss (bremsstrahlung and delta ray production), and de- polarization. The simulation includes many detailed processes such as the following: incident muon beam descriptions are derived from TECs, and include correlations of muon track position and angle; muon polarization is tracked in the magnetic field to account for fringe field interactions; and, drift chamber ionization clusters are created with a statistical model that is consistent with chamber behaviour, including the electronic ionization detection threshold. The decay parameters are obtained by a "blind" fit of the two-dimensional data distribution to that of a simulation base distribution, generated with hidden muon decay parameters, plus simulated distributions corresponding to the two-dimensional spectrum shape of first derivatives of the spectrum with respect to decay parameters (or combinations) ρ, ξ , and ξ δ .
The fit of a base distribution to another one that includes derivative spectra also plays an imporant role in assessment of systematic uncertainties. Fits of data and/or simulation sets where a parameter or other input has been adjusted in one of them yields the effect of the adjustment in terms of the decay parameters. If the input is exaggerated, a statistically significant effect can be measured that can subsequently be scaled down to represent the potential systematic uncertainty on the decay parameter corresponding to the input parameter.
SYSTEMATIC UNCERTAINTIES: ρ, δ
The systematic uncertainties for our most precise published ρ and δ results arre shown in Table 1 [4] . Statistical uncertainties are considerably smaller. Three sources dominate: chamber response, energy scale, and positron interactions. Each has been improved substantially since that analysis, resulting in a much better precision for more recent data.
Chamber response refers to the conversion of drift chamber time information to spatial information used in helix fitting and evaluation of the momentum and angle of each track. Initially the space-time relations (STRs) were estimated from a simulation of the ionization and drift characteristics of the gas (dimethyl ether) using GARFIELD [11] , but several effects were not accounted for. For example, small differential pressure variations caused cathode foil spacing changes, and temperature variations could affect STRs. To reduce these effects, substantial improvement in the control and monitoring of atmospheric effects was implemented. Additionally, although the chambers were constructed to high precision and quality control standards, geometry variations did exist among the 44 DC planes. Moreover, the drift model was not perfect, and tracking biases existed that depended on STR consistency between data and simulation. To address all of these issues, a method was developed [12] by which the STRs were modified for each plane using positron decay track fit residuals to obtain self-consistent plane-dependent STRs. The tracking bias was reduced by applying the procedure also to simulations. Figure 3 shows data isochrones of the STRs before and after the procedure.
The maximum positron energy provides a calibration feature that is used to reduce the energy scale systematic. Since energy loss depends on the track angle primarily with a dependence on 1/cos θ due to the planar geometry of the detector, the energy region near the kinematic end point of 52.8 MeV/c is matched for data and simulation for small bins of cos θ . This procedure compensates for potential energy shift of up to ∼ 10 keV/c due to small differences in mean stopping position of muons within the stopping target and also in magnetic field cal- .
FIGURE 4.
Comparison of data and simulation near the kinematic end point of the decay spectrum, for a narrow range of cos θ . The equivalent slopes prove that the resolution is simulated extremely well, while the small difference in position is corrected by an energy calibration procedure [4] ibration. The data-simulation relative energy calibration procedure has undergone improvements to become more robust to fitting conditions, while its sensitivity to data variations has been investigated. Due to inclusion of a realistic position-dependent resolution function and application of the previously mentioned self-consistent STR procedure, agreement of the detector resolution at the end point is remarkably good between data and simulation (Fig. 4) . Most other sources of systematic uncertainties for ρ and δ listed in Table 1 have been reduced as well, due to combinations of stricter control of experimental variables, more sensitive methods of evaluation, or improvements in analysis.
SYSTEMATIC UNCERTAINTIES: P µ ξ
The asymmetry parameter ξ is also subject to uncertainties from the sources of the previous section, but they are overshadowed by other unique uncertainties related to depolarization (see Table 2 ). Because they appear only as a product P µ ξ in the differential decay rate, ξ and P µ cannot be determined separately.
The dominant contribution, from fringe field depolarization, depends on the accuracy with which the muon spin evolution can be simulated as the beam passes through significant radial field components at the solenoid entrance. The simulation in turn depends on two ingredients: an accurate field map, and precise knowledge of the position and direction of the muons in the beam. The longitudinal component of the magnetic field was measured throughout the volume occupied by the tracking detectors of the spectrometer, as well as within the region through which the muons entered. The beam measurement detectors (TECs) described above were placed in the mapped region. Individual muon tracks 
were measured with the TECs for the beam used in each data set, typically both before and after the data were taken. The distributions of the individual tracks in positions (x, y) and angles (θ x , θ y ), including correlations, are used to initiate polarized muons in the simulation. The spin of each muon evolves according to the BMT (Bargmann-Michel-Telegdi) equation [13] , closely following the momentum vector in the field in vacuum but deviating from it during scattering processes. In regions of significant radial field components, transverse momentum and spin components grow, thus reducing polarization along the field axis of the spectrometer. Simultations predict that the mean polarization P µ is reduced by 2×10 −3 for a typical beam as it moves from the initial simulation point (location of TECs, field 0.1 tesla) to the stopping target (2.0 tesla), with the most rapid depolarization near the entrance to the spectrometer yoke (radial fields up to 0.017 tesla at 1 cm radius). Alignment of the TECs used a combination of optical and collimated muon beam techniques. Alignment of the magnetic field map relied on optical and mechanical limits for translation, as well as positron decay helix axis angles for angular orientation. Consistency of the alignments in conjunction with the fringe field accuracy was tested by comparison of muon tracks in the TECs and in the upstream half of the decay spectrometer. Varying the TEC position and angle alignments quantified the dependence of depolarization to establish systematic alignment uncertainties for P µ ξ . Special data sets taken with the beam mis-steered were more sensitive to fringe field variations. Differences in depolarization with respect to normal sets were compared to equivalent differences derived from corresponding simulations. Inconsistencies in these comparisons form the basis of the fringe field systematic estimate, and are still under scrutiny.
The second largest item of Table 2 is due to depolarization in the stopping target from muon spin relaxation (µ + SR) as the spins interact with the target material. Though there are many potential mechanisms, it is believed that the dominant one is due to Korringa spin relaxation [14] from conduction electron spin contact interactions leading to an exponential time dependence. For TWIST, the mean polarization is measured at the time of decay, constrained to the range 1-9 µs after the muon stops. The exponential relaxation rates, λ , are determined from the time dependence of the relative upstream-downstream decay asymmetry to be 0.821 ± 0.072 ms −1 and 1.250±0.081 ms −1 , respectively, for the two stopping target materials, Ag and Al. The precision with which this relaxation is simulated is the source of both statistical and systematic uncertainties.
DECAY OF NEGATIVE MUONS IN 27 AL
The TWIST spectrometer was used for a period of several days to measure the decay electron distribution for negative muons stopped in the TWIST high purity aluminum target. The decay takes place from an atomic µ − Al state that modifies the electron distribution. In particular, the decay-in-orbit allows a high energy component up to a value close to the 105.7 MeV muon rest energy limit that becomes important as a background in searches for muon-electron conversion. Because the response of the spectrometer is very well understood, and because a data set of reasonable statistics could be obtained in a short time, the radiative corrections became visible for the first time when compared to a lowest-order calculation [15] . This is shown in Fig. 5 [16] .
SUMMARY
Through a series of improvements to the apparatus, datataking, and analysis procedures, a substantial improvement is expected for the final results of TWIST, compared to intermediate results and to prior experiments. Final checks of consistency and more precise estimates of systematic uncertainties are underway. Preliminary results are shown in Table 3 , demonstrating that the goals of the experiment have been reached.
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